ABSTRACT DD K, a peptide first isolated from the skin secretion of the Phyllomedusa distincta frog, has been prepared by solid-phase chemical peptide synthesis and its conformation was studied in trifluoroethanol/water as well as in the presence of sodium dodecyl sulfate and dodecylphosphocholine micelles or small unilamellar vesicles. Multidimensional solution NMR spectroscopy indicates an a-helical conformation in membrane environments starting at residue 7 and extending to the C-terminal carboxyamide. Furthermore, DD K has been labeled with 15 N at a single alanine position that is located within the helical core region of the sequence. When reconstituted into oriented phosphatidylcholine membranes the resulting 15 N solidstate NMR spectrum shows a well-defined helix alignment parallel to the membrane surface in excellent agreement with the amphipathic character of DD K. Proton-decoupled 31 P solid-state NMR spectroscopy indicates that the peptide creates a high level of disorder at the level of the phospholipid headgroup suggesting that DD K partitions into the bilayer where it severely disrupts membrane packing.
INTRODUCTION
The increasing resistance of pathogens against many commonly used antibiotics creates an urgent need to search for new bactericidal and fungicidal compounds. In the past a variety of antibiotic peptides have been isolated from natural sources including plants and animals, which produce, store and secrete antibiotic peptides in exposed tissues, or synthesize such compounds on induction. The availability of these molecules establishes a defense system that can be set into action immediately when infections occur (1, 2) . Nearly 1000 antimicrobial peptides have been identified and listed in the corresponding databases (http://www. bbcm.univ.trieste.it/~tossi/amsdb.html or http://aps.unmc. edu/AP/main.php). They have been intensely investigated with the goal to develop alternative agents against pathogenic bacteria and fungi (2) and, indeed, derivatives with improved activities have been designed. Antimicrobial peptides often also exhibit virucidal, tumorcidal, and antiparasite activities (3, 4) .
Linear amphipathic peptides are present in many species including fungi, plants, amphibians, insects, or humans (1, 2, 5) . Although a wide variety of sequences have been identified, which differ in amino acid composition, length, and structure, many of these molecules share common physico-chemical properties in carrying an overall cationic charge and by adopting an amphipathic structure when interacting with membranes. There is good evidence that the antimicrobial peptides either exert their antibiotic activities by permeabilizing bacterial membranes or that they interact and cross those membranes to reach internal targets (6, 7) .
The generally accepted models agree that cationic peptides are attracted by the anionic surface of bacterial membranes (8) , where they undergo conformational changes to adopt an amphipathic structure at the level of the bilayer interface and thereafter intercalate into the membrane. However, the mechanism of how the peptides permeabilize the bacterial membranes, why they are selective for bacteria and/or fungi without killing healthy vertebrate cells and how they exert their antimicrobial activity remains a matter of debate and several mechanisms have been proposed to describe the interactions between peptides and lipid bilayers (9) (10) (11) . Some of the best studied linear peptide antibiotics are those that were found early on in amphibian skins (reviewed in Bechinger (9) ) and more recently new compounds have been identified from species living in natural environments and have been characterized (12) (13) (14) . The frog skin is a valuable source of biologically active peptides, including antimicrobials.
Dermaseptins are a family of cationic linear peptides of 28-34 residues produced by Phyllomedusa secretions, which are very active against Gram-positive and Gram-negative bacterial strains (15) . The DD K peptide belongs to the dermaseptin family and has been isolated from the Phyllomedusa distincta frog, which is found in Brazilian Southeast Atlantic forests. DD K is a linear peptide composed of 33 amino acid residues and shows a broad spectrum of activities against several pathogens, including strains from Enteroccus faecalis, Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa, some of which are resistant against commonly used antibiotics (16). More recently, anti-Trypanosoma cruzi activity has also been shown (12) . These properties together with the low hemolytic activity of the peptide make DD K a good prototype as an antimicrobial molecule with low activity on mammalian cells (16) .
Recent investigations by isothermal titration calorimetry and by fluorescence spectroscopy showed that addition of cholesterol to phosphatidylcholine mimetic membranes led to a diminution of DD K membrane interactions and the concomitant disruption of the lipid bilayers (17) . Other investigations by atomic force microscopy indicated that DD K is able to disrupt anionic membranes typical of bacterial membranes at L/P ratios of 100 (18) . To obtain detailed information on the peptide conformations in aqueous buffer or in bilayer environments, respectively, and to understand the mechanism of action, more data on the structure and interactions of these peptides with membranes is required.
Solid-state NMR spectroscopy has proven to be a valuable tool for the structural analysis of biomolecules when immobilized within macromolecular aggregates in particular for the investigation of polypeptides associated with extended lipid bilayers (19) (20) (21) (22) (23) (24) . Whereas all NMR interactions strongly depend on the alignment of the molecules relative to the magnetic field direction, fast rotational diffusion in solution results in averaging and, therefore, only the isotropic chemical shift values as well as scalar couplings are observed in such environments. However, in static solid or semisolid samples averaging is anisotropic or absent and as a consequence the most pronounced features of the spectra can be attributed to this orientational dependence of NMR interactions. This property can be used to deduce valuable information about the relative alignment of bonds and molecules either from uniaxially oriented samples or in nonoriented preparations when fast motional averaging around the membrane normal occurs (25) (26) (27) . In many studies the orientation-dependent 15 N or 13 C chemical shifts have been used to derive structural information from membrane-associated polypeptides, but dipolar interactions or quadrupolar splittings have also been investigated (19, 23, 28) .
In particular the 15 N chemical shift interaction has proven to provide information on the alignment of a-helical polypeptides relative to the membrane in a straightforward manner (25) . Whereas transmembrane helical peptides exhibit 15 N chemical shifts in the 200 ppm range those that align parallel to the surface resonate at < 100 ppm. Such measurements have thus been used as an analytical tool during membrane polypeptide structural (19, 24, 29, 30) or biophysical investigations (31, 32) .
Similar principles apply to the investigation of phospholipid membranes by proton-decoupled 31 P solid-state NMR spectroscopy. The anisotropy of the chemical shift interactions results in a orientation-dependent variation of the 31 P NMR peak position within a range of 45 ppm for liquid crystalline phosphatidylcholine membranes (33) . Furthermore, the corresponding 31 P NMR line shape is an indicator of rotational diffusion within the bilayer and as a consequence the macroscopic phase properties of the membrane (34) . Therefore the combination of 15 N and 31 P solid-state NMR spectroscopy provides a more complete view on the peptide-lipid interactions and the resulting peptide topologies.
MATERIALS AND METHODS
Phosphatidylcholine was purchased from Avanti Polar Lipids (Birmingham, AL). The DD K peptide with the sequence GLWSK IKAAG KEAAK AAAKA AGKAA LNAVS EAV was prepared by solid-phase peptide synthesis on a Millipore 9050 automatic peptide synthesizer using Fmoc (9-fluorenylmethyloxycarbonyl) chemistry and the standard synthesis cycles of the automate. At the underlined position the 15 N-labeled alanine was incorporated. The synthetic product was purified using semi-preparative RP-HPLC carried out on a ProtonSIL 300 C4 column (5 mm, 300 Å , 150 Â 20 cm). A linear gradient and the following conditions were applied: Solvent A, 10% acetonitrile in 0.1% TFA/water; solvent B, 100% acetonitrile in 0.1% TFA; flow rate, 8 mL/min and detection at a wave length of 210 nm; the ratio of solvent B changed from 17% to 29% in 20 min. The identity of the product was confirmed by MALDI mass spectrometry. For additional CD and liquid-phase NMR experiments DD K was prepared manually by conventional methods of Fmoc solid phase peptide synthesis and purified and characterized as described above.
Vesicle preparation
The appropriate amounts of lipid (POPC) and peptide were dissolved in TFE (2,2,2-trifluoroethanol) and in TFE/H 2 O 100/5 v/v, respectively. The two solutions were mixed, the bulk of the solvent removed under a stream of nitrogen gas and the remaining traces of solvent by exposure to high vacuum over night. Large multilamellar vesicles were formed from the dry lipidpeptide film by the addition of buffer (10 mM NaH 2 PO4/Na 2 HPO 4 , pH ¼ 7.0) and extensive vortexing. Thereafter the samples were equilibrated by three cycles of vortexing, tip sonication for at least 15 min (Bandelin, Sonorex super RK 514 BH; Berlin, Germany), freezing and thawing. Due to the final freeze/thaw cycle large vesicle are obtained by this procedure. Small unilamellar vesicles were prepared by extruding the POPC preparation twenty times through polycarbonate filters of 100 nm pore size (Avestin, Ottawa, Canada). Alternatively, SUVs of 10 mg/mL POPG were obtained by 2 min of tip sonication until the suspension became transparent.
CD measurements
CD spectra were recorded using Jasco spectropolarimeter J-810 equipped with a Jasco PFD-425S Peltier system for temperature control. The spectra were analyzed using the CDPro software (35, 36) and/or by evaluating the circular dichroism at 222 nm (37) . The peptide was dissolved in water or Biophysical Journal 96(6) 2194-2203 water/TFE at 0.2 mg/mL concentrations and transferred into a quartz cuvette of 1 mm path length. Spectra were recorded between 190 and 250 nm using the following parameters: 10 nm min À1 scan speed, 0.2 nm data pitch, 1 s response time, 1 nm band width, and 2 accumulations at 25 C. Alternatively, 10 mg/mL stock solutions of micelles or SUVs were titrated in a stepwise manner to aqueous DD K solutions and the resulting spectra measured at 25 C at scan speeds of 50 nm/min, 0.5 nm data pitch, and 2 s response time. For the CD spectra 8 (micellar samples) to 50 scans (vesicles) were accumulated and the background was subtracted.
Multidimensional solution NMR spectroscopy
Two different samples were prepared for NMR structure determination. First, peptide was dissolved in a mixture of TFE-d 2 /H 2 O (50:50, v/v) at 4 mM concentrations. The pH was adjusted to 7.0 with 20 mM aqueous phosphate buffer. Second, a sample containing 1 mM of DDK, 400 mM DPCd 38 , 5% (v/v) D 2 O, and 10 mM 2,2-dimethyl-2-silapentane sulfonate (DSS as internal reference) was prepared. The pH of this sample was 6.0.
The solution NMR experiments of the TFE sample were carried out at 20 C on a Bruker Avance DRX spectrometer (Brazilian National NMR Center, Rio de Janeiro, Brazil) operating at 600.043 MHz for the 1 H frequency. The DPC sample was investigated at 45 C on a Bruker Avance-III instrument operating at a 1 H frequency of 800 MHz at the same center. Triple-resonance ( 1 H/ 13 C/ 15 N) gradient probes (5 mm sample diameter) were used in both cases for all the experiments. Water suppression was achieved by using presaturation techniques (38) . All NMR spectra were processed using NMRPIPE (39) .
Total correlation spectroscopy spectra were acquired using the MLEV-17 pulse sequence (39) . For the TFE sample at 600 MHz the spectral width was chosen to be 6900 Hz, 512 t 1 increments were collected with eight transients of 4096 points. At 800 MHz the parameters were: spectral width 9615 Hz, 512 t 1 increments, and 32 transients of 4096 points. NOESY spectra (38, 40) were acquired using mixing times of 100, 150, 200, 300, and 400 ms (TFE sample) and 80, 100, 120, 140, 160 ms (micellar sample), respectively. At 600 MHz the spectral width was 6900 Hz, 512 t 1 increments were collected with 16 transients of 4096 points for each FID, at 800 MHz these parameters were: spectral width 9615 Hz, 512 t 1 increments, and 32 transients of 4096 points. Of the TFE sample 1 H- 13 C HSQC spectra were acquired at 600 MHz with F1 and F2 spectral widths of 27,160 Hz and 8993 Hz respectively. Four hundred t 1 increments were collected with 56 transients of 1024 points. The experiment was acquired in an edited mode in such a way that CH and CH 3 correlations show positive phase and CH 2 correlations show negative phase (40, 41) .
1 H-
15
C HSQC spectra were acquired with F1 and F2 spectral widths of 27,160 Hz and 8993 Hz respectively. Eighty t 1 increments were collected with 400 transients of 1024 points for each free induction decay (40, 41) .
NOE data analysis and structure calculations
The NMR spectra were analyzed using the NMRVIEW software, version 5.0.3 (42) . NOE intensities obtained at mixing times of 120 ms (micellar solution) or 200 ms (TFE solution), respectively were converted into semi-quantitative distances by using the calibration by Hybert et al. (42) . The upper limits of the distances thus obtained were 2.8, 3.4, and 5.0 Å (for strong, medium, and weak NOEs, respectively). Structure calculations were carried out using the Xplor-NIH software, version 2.14 (43). Starting with an extended conformation 500 structures were generated using a simulated annealing protocol. This was followed by 20,000 steps of simulated annealing at 1000 K and a subsequent decrease in temperature in 15,000 steps in the first slow-cool annealing stage. The stereochemical quality of the lowest energy structures was analyzed by PROCHECK-NMR (44) . The display, analysis, and manipulation of the three-dimensional structures were carried out with the program MOLMOL (45) . The atomic coordinates of the most stable structures have been deposited in the RCSB Protein Data Bank (http://www.rcsb.org/pdb/home/home.do) carrying the accession codes PDB 2JX6 and RCSB 100402 (structure in TFE) as well as PDB 2K9B and RCSB 100838 (structure in DPC). (46) and lipid in TFE. Thereafter the solvent volume was reduced by exposure to a nitrogen stream and applied onto ultra thin coverglass (9 Â 22 mm 2 ; Marienfeld, Lauda-Königshofen, Germany), first dried in air and thereafter in high vacuum over night. After the samples have been equilibrated at 93% relative humidity, the glass plates were stacked on top of each other, and the samples sealed with Teflon tape and plastic wrappings.
Solid state NMR spectroscopy

Solid-state NMR measurements
Solid-state NMR spectra were recorded on a Bruker AMX400 wide-bore NMR spectrometer operating at 9.4 Tesla. Proton-decoupled 15 N solid-state NMR spectra were acquired using a commercial double-resonance solidstate NMR probe modified with flattened coils (47) of inner dimensions 15 Â 4 Â 9 mm 3 . The sample was introduced into the magnetic field of the NMR spectrometer with the membrane normal parallel to the magnetic field direction. An adiabatic cross polarization sequence (48) was applied with the following typical acquisition parameters: 90 pulse width, 8 ms; spin lock time, 700 ms; recycle delay, 3 s; 512 data points; 70,000 acquisitions; and spectral width, 33 kHz. Before Fourier transformation an exponential apodization function corresponding to a line broadening of 100 Hz was applied. NH 4 Cl was used as a reference (41.5 ppm). During the solidstate NMR measurements the samples were cooled with a stream of humidified air.
Proton-decoupled 31 P solid-state NMR spectra were recorded using a commercial static double-resonance solid-state NMR probe (Bruker, Rheinstetten, Germany). A Hahn echo pulse sequence with high power proton decoupling was used (49) . The following spectral parameters were used: spectral width, 75 kHz; acquisition time, 6.4 ms; 2k time domain data points; 90 pulse width, 2.5 ms; interpulse delay, 40 ms; recycle delay, 5 s; number of scans, 100. Before Fourier transformation zero filling to 2048 points and an exponential multiplication corresponding to a line broadening of 150 Hz (100 Hz in case of Fig. 6 A) were applied. The mosaic spread of the oriented solid-state NMR spectra was calculated as described previously (50, 51) .
RESULTS AND DISCUSSION
To better understand the biological activities and the membrane interactions of DD K the structural alterations of the peptide were first investigated in the presence of membranes, micelles or in membrane-mimetic environments using CD spectroscopy. Whereas the CD spectrum of DD K in aqueous solution is indicative of a predominantly random coil conformation (Fig. 1 A) , the stepwise addition of detergent micelles to 42 mM DD K in 20 mM phosphate buffer, 100 mM NaCl, pH 7 results in the appearance of pronounced minima around 208 and 222 nm indicating that the peptides adopt a-helical structures (Fig. 1, A and B) . At the highest detergent concentrations the helix content is R80%. When investigated in isotropic TFE/water solutions representing the hydrophobic environment of the membrane, the helix content increases with the TFE concentration (Fig. 1 C) . Line shape analysis reveals a helix content of~80% at TFE concentrations R30% v/v (Fig. 1 C) . This value is larger than the value calculated for DD K in other alcohols such as propanol, where the peptide helicity reaches 50%
Biophysical Journal 96(6) 2194-2203 (18) . In the presence of R50 mM POPG in the form of SUV the helical content is~70% (Fig. 1 D) and an apparent partitioning constant in the 10 5 M À1 range can be estimated from the titration experiment (Fig. 1 D) . At cationic peptide/POPG ratios close to charge neutrality of the complexes the CD spectra exhibit distorted line shapes (Fig. 1, D and A. Marquette and B. Bechinger, unpublished). In the presence of 1 mM POPC (SUV)~50% of the peptides appear in helical conformations (not shown), however, it should be noted that the partition constants of cationic linear peptides to zwitterionic vesicles are typically 2-3 orders of magnitude decreased (52, 53) and therefore this value represents the average of membrane-associated and free DD K.
Clearly the DD K peptide associates with and adopts a high degree of helix conformations in the presence of both detergent micelle preparations. As the micellar media match the apolar environment of the membrane as well as its interfacial properties, and in addition they are known to be suitable for high-resolution NMR structure determination of small polypeptides additional measurements were carried out using one-dimensional solution NMR spectroscopy (see the Supporting Material). Solution NMR spectra were recorded of DD K in the presence of 400 mM SDS-d 25 or 400 mM DPC-d 38 , respectively. When compared to the spectra in the aqueous solution or in the presence of 50% TFE the line shapes are considerably broadened in the presence of detergents (Fig. S1) indicating that the peptides associate with the micelles concomitant with a reduction of rotational correlation times. Interestingly, the line shapes ameliorate when the concentration of SDS-d 25 is increased from 30 mM to 400 mM (Fig. S2) . Furthermore, in the presence of low concentrations of SDS (<20 mM) precipitates are observed that is probably due to the neutralization of cationic charges by the anionic detergent.
The structure of DD K was therefore investigated in the presence of 400 mM DPC-d 38 , a detergent that forms micelles whose interface is thought to be related closely to that found in phosphatidylcholine bilayers. The determination of the threedimensional structures of small polypeptides by multidimensional solution NMR spectroscopy has become routine and many high-resolution structures have been obtained using this approach. However, the high redundancy of thirteen alanine and six lysine residues makes the assignment of resonances more challenging than would be expected from a peptide of this size. The proton resonances of DD K in the presence of DPC micelles were attributed using sequential assignments. In the presence of DPC micelles many NOE correlations are observed suggesting a significant structural arrangement of DD K (Fig. 2) . The graphical summary of the sequential and medium range NOEs of DD K in the presence of DPC micelles is presented in Fig. 3 
B.
Medium range NOE crosspeaks involving the amidic protons are observed from the seventh residue up to C-terminus, indicating that the molecule presents a well defined helical arrangement (Fig. 3 B) . Notably, the NOESY spectra exhibit many correlations involving protons of residues close to the C-terminus. This is an important observation, because C-terminal amidated cationic peptides often exhibit a higher degree of structuration (54) and are more active in biological assays when compared to the nonamidated analogs (55, 56) . Some interresidue correlations involving Trp-3 and Ser-4 indicate that this portion of the peptides exhibits some structural order albeit to a lesser extent than the C-terminus. 
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A total of 270 distance restrains derived from NOE correlations were available for the calculations of the DD K structures in the presence of DPC micelles and the lowest energy structures are shown in Fig. 4 , B-D. A well defined helical segment is observed from Lys-7 to the C-terminus in addition to a structured region involving Lys-5 and Ile-6. The statistics of the structural analysis of DD K in the presence of DPC micelles are summarized in Table 1 . The RMSD values obtained for the ensemble of all residues are suggestive of considerable conformational flexibility, however, these values significantly drop when only the helical segment is considered. Most of the residues are found in the most favored or in the additionally allowed regions of the Ramachandran plot indicating the good quality of the structures. The few residues observed in the disallowed regions are from residues close to the N-terminus, i.e., the nonstructured part of the peptide.
This structural analysis was extended to an isotropic solvent mixture that mimics the polarity of membranes (TFE/water 50:50 v/v). NOE crosspeaks involving the NH protons ranging from the fifth residue to the C-terminus are observed, indicating that most of the molecule presents a well defined helical structure (Fig. 3 A) . Again, the NOESY spectra exhibit many correlations involving protons of residues close to the C-terminus and the C-terminal amide residues. Interresidue NOEs involving protons of Trp-3 and Ser-4 side chains indicate that the N-terminal portion of the peptides is also structured, although to a lesser degree than the C-terminus Using the NOE restraints 500 structures of DD K were calculated ( Table 1 ). The 20 lowest energy structures in TFE environments are shown in Fig. 4 A. The data are indicative of a predominantly helical conformation starting at residue 5 and extending up to the C-terminus. A small (Fig. 4 A) , a more pronounced bent is observed at Lys-19 for DD K in the presence of DPC micelles (Fig. 4 B) . Furthermore, in the representations shown in Fig. 4, A and B, where the hydrophobic face of the helix is presented in front, the N-terminus points upward for DDK in TFE-d 2 / H 2 O (50:50, v/v) but downward in the presence of DPC micelles. One can speculate that this different long-range structure might be due to the curvature imposed by the micellar system. The helix content obtained by NMR structural analysis in TFE/water or in the presence of detergent micelles agrees well with the CD data obtained in the presence of POPG SUVs suggesting that the deposited PDB structures represent reasonably well the conformation of the peptide in phospholipids bilayers.
To investigate the interactions of DD K with biological membranes this peptide antibiotic was reconstituted into oriented phospholipid bilayers. In a first step the effect of the peptide on the organization of the lipid bilayer was investigated and increasing amounts of peptide were mixed with 10 mg of POPC, applied to six glass plates (9 Â 22 mm) and the proton-decoupled 31 P solid-state NMR spectra of the phospholipid headgroups recorded (Fig. 5) . Due to the anisotropic properties of the chemical shift interaction the 31 P resonance frequency represents the alignment of the phospholipids relative to the magnetic field direction. For POPC phospholipid bilayers a signal at 30 ppm is observed when the long axis of the phospholipid molecules are aligned parallel to the magnetic field direction, a result that is confirmed by our control experiment (Fig. 5 A) . This signal moves to À15 ppm when the sample is tilted to perpendicular orientations (33) . Up to peptide/lipid ratios of 1:50 the membranes maintain a good alignment (Fig. 5, B-E) . At peptide/lipid ratios of 1:33 much of the order of the lipid headgroup is lost with strong intensities covering the whole chemical shift range of liquid crystalline phosphatidylcholine membranes (Fig. 5 E) .
To increase the size of the samples to permit investigations of the less sensitive 15 N nucleus, oriented membranes encompassing 75 mg of lipid and 3.5 mg of peptide were prepared on 28 glass slides (Fig. 6) . In this arrangement, the number of membranes stacked in between each pair of glass plates is~2-3-fold elevated when compared to the sample shown in Fig. 5 C. Although the peptide/lipid ratio remains the same the phospholipid headgroup order is much reduced in the thick stacks when compared to the Fig. 6 A can be simulated by considering that~50% the phospholipid headgroups are randomly aligned and the other 50% are oriented with a set of populations exhibiting mosaic spreads between 2 and 30 . Related 31 P solid-state NMR line shapes have been observed in the presence of other amphipathic peptides (50, (57) (58) (59) and recent simulations show that related line shapes are obtained from toroidal pore geometries (60) .
In a next step the alignment of the peptide within a lipid membrane was investigated by 15 N solid state NMR. The sample of Fig. 6 A, encompassing micromole amounts of DD K labeled with 15 N at the alanine-17 position, was also investigated by proton-decoupled 15 N solid-state NMR spectroscopy (Fig. 6 B) . The spectrum shows a well oriented peak at a chemical shift position of (86 AE 3) ppm indicative of helix orientations approximately parallel to the membrane surface (25) . It remains possible that a powder pattern line shape of about equal intensity is hidden within the baseline noise of the 15 N spectrum that would be in agreement with models where pores are formed by high local curvature and the concomitant rearrangement of the supramolecular peptide-lipid assemblies. This data is in line with results from a variety of linear peptide antibiotics where the formation of amphipathic conformations in membrane environments, helical or other, is a key feature and essential for antibiotic action (1, 2, 11, 61) . When several helical sequences, including magainins, dermaseptins, maculatins, or model sequences have been investigated, alignments close to parallel to the membrane surface has been observed also for these peptides using different biophysical approaches including solid-state NMR spectroscopy (8, 9, 62, 63) . Furthermore, the antibiotic properties of designed histidinecontaining amphipathic model peptides have been correlated to experimental conditions where the peptides adopt in-plane alignments (31, 53) .
This partitioning of amphipathic structures into the membrane matches the separation of polar and apolar properties at the level of the bilayer interface (Fig. 7) . However, a comparison of the molecular dimensions shows that the diameter of amphipathic a-helices is insufficient to completely fill the space liberated by the lipids for intercalation of the peptide thereby causing the disruption of the packing arrangements. Whereas the typical hydrophobic monolayer thickness of a biological membrane is~15 Å the hydrophobic radius of an in-plane oriented amphipathic a-helix is only~5-6 Å (64). As a consequence, the lipid fatty acyl chains exhibit increased disorder (65) and membrane thinning (66) as well as membrane curvature strain are augmented (67, 68) . Furthermore, transient openings have been observed at low peptide concentrations and the membranes become unstable at high peptide/lipid ratios (9, 11) .
Whereas transmembrane peptides, such as alamethicin, zervamicin, or gramicidin A have been reconstituted into phospholipid bilayers without much effect on the alignment of the lipid headgroups even at peptide/lipid ratios up to 1:8 (69, 70) , the preparation of uniformly oriented membranes has often proven difficult when amphipathic peptides are present. In the case of DD K even relatively small concentrations cause considerable misalignment of the phospholipids (Figs. 5 E and 6 A) when at the same time the peptide inserted into the membrane exhibits a well-oriented line shape (Fig. 6 B) . This observation suggests that although the sample follows the order imposed by the glass surfaces the lipids adapt to compensate for the geometrical disturbances imposed by the in-plane oriented peptide. This effect is more pronounced when the sample thickness increases (Figs. 5 and 6 A) suggesting that the disorder induced by the peptide in one bilayer propagates from one membrane to the next and is thereby enhanced within the stack. The loss of lipid order as a function of membrane thickness has also been observed previously with pure lipid bilayers as well as in the presence of model peptides. Interestingly, this effect is most pronounced with peptides that mismatch the bilayer thickness or that are oriented parallel to the membrane surface (71) . Membrane disordering or membrane disruptive properties have also been observed in the presence of other amphipathic helical peptides and proteins such as magainins (58, 64) , apolipoproteins (72) , myelin basic protein (73) , glucagon (74) , melittin (75, 76) , pardaxin (57), signal sequences (77, 78) , basic amphiphilic model peptides (59, 79) , as well as of lysolipids (80) or detergents (81) . Furthermore, electrostatic interactions can lead to local conformational changes of the lipid headgroup region that might also be reflected in the 31 P NMR line shape (82) . Given the parallels in the distribution of hydrophobic and polar/charged domains in both membrane-associated cationic peptides and detergents, as well as of many other physico-chemical properties, a model has been proposed where the interactions of these peptides are best described by phase diagrams (9, 11) . Such a model describes the biophysical and biological activities of the peptides as a function of peptide concentration, membrane lipid composition, temperature, hydration and other environmental parameters whereby certain areas of the phase diagrams represent more detailed views of the supramolecular aggregates such as the carpet (62) or the wormhole model (60, 83) . The model is supported by many experiments as it has been possible, for example, to provide evidence of the detergent-like action of magainin peptide antibiotics by monitoring the macroscopic phase properties of such peptide-lipid mixtures using 31 P solid-state NMR spectroscopy (64) . This comparison with detergents explains observations made with peptides such as increased membrane permeability, pore formation (84), lipid flip-flop (85) , and membrane lysis (64) . A recent detailed study of the kinetics of pore formation by cecropin A also agrees with such a model (86) . Importantly, the investigation also shows that dye release from vesicles involves the formation of large pores without any specific peptide arrangements and where the vesicle contents are released in an all-or-none fashion. An all-or-none mechanism would also be expected when macroscopic phase transitions of the peptide-lipid mixtures are involved in membrane permeabilization. Indeed our 31 P NMR data indicate that on addition of DD K the order of the bilayer is maintained until a threshold concentration is reached where ''nonoriented'' contributions appear (Fig. 5) . These line shapes, among other possibilities, may indicate major re-arrangements in the membrane supramolecular architecture. Furthermore, biophysical investigations indicate that the membrane negative surface charge helps membrane association of cationic peptides (8,86) but does not affect the channel structures themselves (86) . This is in agreement with our CD data where association with POPG lipid bilayers is considerably increased when compared to POPC (Fig. 1) .
We have shown that the helical structure of DD K when associated with phospholipid bilayers results in an amphipathic distribution of side chains and an alignment of the peptide parallel to the membrane surface. As a consequence the regular packing of the membrane is disrupted even at small membrane concentrations of DD K suggesting that this peptide exhibits membrane modifying properties. 
SUPPORTING MATERIAL
